High refractive index of melanin in shiny occipital feathers of a bird of paradise Article (Published Version) http://sro.sussex.ac.uk Stavenga, Doekele G, Leertouwer, Hein L, Osorio, Daniel C and Wilts, Bodo D (2015) High refractive index of melanin in shiny occipital feathers of a bird of paradise. Light: Science and Applications, 4 (1). e243. ISSN 2047-7538 This version is available from Sussex Research Online: http://sro.sussex.ac.uk/id/eprint/55058/ This document is made available in accordance with publisher policies and may differ from the published version or from the version of record. If you wish to cite this item you are advised to consult the publisher's version. Please see the URL above for details on accessing the published version.
INTRODUCTION
In animal integuments melanins commonly produce dull red, brown and black colors. With nanoscale order, melanin in a matrix of vertebrate keratin or arthropod chitin can produce striking structural colors. [1] [2] [3] [4] The magnificent displays of birds of paradise exemplify how the fine branches of the bird feathers, the barbules, are modified to achieve a diverse range of visual effects through structural coloration. In Lawes's Parotia (Parotia lawesii), the barbules of the males' breast feathers have a boomerang-shaped cross-section, which produces three directional-colored reflectors. 5 Here we investigate the male Parotia's occipital (or nape) feathers, which produce a shiny, silvery patch ( Figure 1a and 1b) . Compared to the breast feathers they are less colorful, but the barbules of the occipital feathers exhibit a mirror-like, directional reflection due to nanostructured melanin. 6 The uniquely colorful breast feathers allows the breast color to switch sharply between yellow, blue and black as the bird moves, during the ballerina dance, which is performed as part of the courtship display. [7] [8] [9] The shiny occipital feathers have a similar function. Recent behavioral observations on the closely related Wahnes's Parotia demonstrate that the occipital feather reflections are sharply directed to the observing females during part of the courtship performance, presumably to impress a potential mate, viewing from an elevated position on a tree branch. [6] [7] [8] [9] [10] To unravel the optical basis of the shiny occipital reflectors, we investigated the barbule anatomy. This revealed very regularly arranged melanosomes, i.e., small melanin rodlets, arranged in layers. To achieve an in-depth, quantitative understanding of the feathers' reflection characteristics, we measured reflectance and transmittance spectra of the barbules. Additionally, we determined the barbule refractive index by interference microscopy. [11] [12] [13] From the barbule anatomy, we assessed the contribution of melanin to the barbule refractive index and could thus determine the refractive index of melanin as a function of wavelength. By implementing the accumulated data in an optical multilayer model, we could closely reproduce measured angledependent reflectance spectra. The derived melanin data will be significant for detailed, quantitative studies on the coloration of avian plumage and other biological materials that contain melanin.
MATERIALS AND METHODS

Occipital feathers and anatomy
Lawes's Parotia occipital feathers (Figure 1a and 1b) were from specimens in the Queensland Museum (Brisbane, Australia) and the Natural History Museum Naturalis (Leiden, The Netherlands). Single feathers were photographed with a Nikon D70 camera (Figure 1c ). Feather details were photographed with an Olympus SZX16 stereomicroscope and a Kappa DX40 (Kappa Optronics, Gleichen, Germany) camera (Figure 1d and 1e) . Single barbules immersed in a refractive index matching fluid (n51.63 at 589 nm) were photographed with a Zeiss Universal Microscope (Zeiss AG, Oberkochen, Germany) using Nikon Fluor 40/1.30 ( Figure 2a ) and Zeiss 100/1.25 (Figure 2b and 2c) oil objectives and the Kappa camera. The barbule internal structure was examined with transmission electron microscopy using standard protocols (Figure 2d-2f ).
Microspectrophotometry
Reflectance spectra (R(l), l is the light wavelength) of single barbules were measured with a microspectrophotometer: an ultraviolet-visible charge coupled device detector array spectrometer (AvaSpec-2048-2; Avantes, Eerbeek, The Netherlands) attached to a Leitz Ortholux microscope with an Olympus 203, NA 0.46 objective and a xenon illuminator. The reference was a diffuse white reflectance tile (Avantes WS-2). Transmittance spectra, T(l), were also measured with the microspectrophotometer. The spectra were converted into absorbance spectra with D(l)52log 10 T(l), which were fitted with the function D(l)5D 0 exp (2l/l m ), because the extinction spectra of the two main melanin types, eumelanin and pheomelanin, approximate exponential functions. 13 Angle-dependent reflectance measurements The angle-dependence of the occipital feather reflectance was measured with a setup consisting of two optical fibers mounted on goniometers that had the same axis of rotation.
14 The feather's long axis was oriented parallel to the goniometers' plane of rotation (i.e., Melanin refractive index of bird feathers DG Stavenga et al 2 perpendicular to the rotation axis). The first fiber focused light from a xenon lamp onto the feather and was rotated from the normal in steps of 10 6 . The second fiber collected the reflected light and guided it to a spectrometer: the AvaSpec-2048-2 for the ultraviolet-visible wavelengths and an AvaSpec-NIR256-1.7 for the near-infrared. The resulting signal was always maximal when the second fiber was placed in the mirror-angle position. The second fiber was fitted with an adjustable polarization filter. At each angular position, reflectance spectra were measured for polarized light parallel and perpendicular to the rotation axis, and then were averaged.
Barbule refractive index and feather reflectance modelling To determine the refractive index of the melanized barbules, we applied the Jamin-Lebedeff interference microscopy method that we recently developed for measuring the refractive index of absorbing media. 12 Briefly, we mounted small sections of isolated barbules, immersed in various refractive index fluids (Cargille Labs, Cedar Grove, NJ, USA), on the stage of the Zeiss Universal Microscope set-up for Jamin-Lebedeff interference microscopy, and we thus obtained the mean refractive index of the occipital feather barbules as a function of wavelength, n b (l); for examples and detailed explanation, see Supplementary Information. Subsequently, we used transmission electron micrographs to determine the contribution of melanin to the refractive index. We therefore divided the transmission electron micrograph of Figure 2f into 36 lanes, each 0.5 mm wide, and recorded the average optical density of a 10 nm thick cross-section in 3.5 mm long lanes. In Figure 2f , dashed boundaries mark two of the lanes, numbered 1 and 2 (#6 and #18 of the 36 lanes). We assumed that the areas of the barbule lanes with minimum density, D min , consist of pure keratin, so that the refractive index there was n k (l)51.5321 5.89310 3 l 22 ; 11 the refractive index outside the barbule was set to 1.0. In addition, we determined the average density of all barbule lanes, D av , and assumed the density difference D av 2D min to be proportional to the difference of the refractive indices of melanin and keratin, n b (l)2n k (l). Scaling the local density accordingly yielded the local refractive index along each lane. We implemented these values in a matrix-based optical multilayer program, 14 which for each of the 36 lanes produced the wavelength-dependent reflectance, R, and transmittance, T, as a function of incident angle and polarization. The average of the 36 reflectance spectra was taken to represent the barbule reflectance spectrum. The absorptance was calculated with A512 R2T. The reflectance calculations were also performed for angles of incidence 0 6 , 10 6 , 20 6 , 30 6 , 40 6 and 50 6 for both TE-and TM-(transverseelectric-and transverse-magnetic-) polarized light, which were then averaged to obtain the reflectance spectra for unpolarized light.
RESULTS AND DISCUSSION
Feather color and structure The male Lawes's Parotia has a silvery-bluish occipital patch (Figure 1a) , which is highly reflective in a narrow angle: a slight change of the observation angle causes a large change in the intensity of the reflected light (Figure 1b) . The shiny feathers have a reflective structure only on the distal tip. The remainder of the feathers has brown melanin-pigmentation, which is not normally visible, because the feathers overlap each other (Figure 1c) . The barbules consist of rows of cells, the color of which can abruptly change from violet to green in the transition area between the brown and silvery regions (Figure 1d ). In the main distal part of the feather, the barbules vary little in color (Figure 1e ).
The directionality of the reflectivity and the silvery-bluish color suggest a structural origin. Incident light microscopy of the distal barbules in air did not reveal structural details, presumably due to the large refractive index contrast between air and barbule. However, immersion in a high refractive index medium revealed a fine cellular structure in the submicrometer range, with bands of slender, parallel elements, ,2.0 mm long and ,0.25 mm wide (Figure 2a-2c) . Transmission electron microscopy clarified the inner structure of the barbules. Transverse cross-sections showed that the barbules have a striking internal organisation, with 6-7 layers of closely apposed rodlets (Figure 2d-2f) , corresponding to the elements seen with light microscopy (Figure 2b and 2c) . Each rodlet comprises a cladding (thickness ,60 nm) surrounding a core with a slightly (,10%) lower electron density (Figure 2d and 2e) . The transverse section of Figure 2f shows that in the central area of the barbule cell the number of layers is reduced and that the parallel layering of the rodlets is locally distorted (Figure 2f, arrowhead) . Scanning electron microscopy demonstrated that the barbule cells' upper surface is smooth, but at the underside, a valley exists in the center of each cell (not shown). The valley and the layer distortion are most probably the remains of the nucleus of the dead cell.
1
Barbule pigmentation
The multilayer structure of the barbule's interior is clearly the basis of the highly directional reflectivity of the occipital feathers. 6 In order to understand the barbule optics in further detail, we wanted to know the material properties of the rodlets and its surroundings, and therefore we performed microspectrophotometry on single barbule cells. The reflectance spectra of small areas of different barbule cells (Figure 3a , inset right) were broad-band and peaked in the blue-violet, and the far-red wavelength range featured striking oscillations with amplitude increasing with wavelength ( Figure 3a) .
When observing the barbules with epi-illumination from the underside, a central contrasting area is seen in each cell (Figure 3a , inset left). When the same barbule is observed in transmitted light (Figure 3b, inset) , the cell centers are marked by a light-brown color within the generally brown barbule. The brown color strongly suggests the presence of melanin pigment, and the central light-brown color indicates a lower melanin concentration in the cell centers. This can be immediately related to the depressed central area of Figure 2f , with fewer layers of rodlets.
Transmittance spectra measured of the main barbule cell area and the cell center had the same shape, but they differed in amplitude (Figure 3b ). The measured transmittance spectra converted to absorbance spectra approximated an exponential function, D5D 0 exp(2l/ l m ), with l m 515568 nm. The absorbance spectra of pheomelanin and eumelanin, which often coexist in bird feathers, 15 are described by exponential functions with l m 5115 nm and l m 5175 nm, respectively, 13 suggesting that the pigment of the bird of paradise is predominantly eumelanin. We conclude that the barbules consist of melanin rodlets embedded in the main component of bird feathers, keratin.
Barbule and melanin refractive index
Melanin has a higher refractive index than keratin, 1 and the arrangement of the melanin rodlets in layers will cause the barbules to act as an optical multilayer. For a quantitative understanding of the measured reflectance and transmittance spectra, the refractive index of the constituent layers has to be known. We first determined the refractive index as a function of wavelength of both the main barbule area and the cell center by applying Jamin-Lebedeff interference microscopy The refractive index of melanin in feathers has been a matter of conjecture for several decades. For the pigeon Columba trocaz, whose barbule cells contain melanin granules and air spaces in a keratin matrix, application of a series of immersion fluids led Schmidt 1 to conclude that the granule refractive index exceeds 1.739 (n D of methylene iodide), that it approximates 1.76-1.77 (ruby and sapphire) and is less than 2.42 (diamond). We found here that the refractive index of the melanin in the visible wavelength range is 1.7-1.8 (Figure 3c ), which is in close agreement with Schmidt. 1 This value is however distinctly lower than 2.0, the value commonly used in animal coloration studies, although without experimental justification (e.g. Refs. 2 and 16-18).
Multilayer modeling
The refractive index data of keratin and melanin can be used to calculate the reflection and transmission properties of the barbules by optical multilayer modelling. The melanin rodlets do not create simple planoparallel layers, however. The electron micrographs of Figure 2d 2f rather suggest that the barbules have a gradient refractive index. To quantitatively assess the refractive index gradient, we divided the barbule cross-section of Figure 2f into 36 adjacent lanes, each 0.5 mm wide. We assumed each lane to be a stack of 10 nm thick layers and determined the average electron density in each layer. We then took the lowest electron density, D min , and the average density of all barbule lanes, D av , and assumed the difference, D av 2D min , to be proportional to the difference of the derived refractive index value of melanin with the refractive index of keratin, n b (l)2n k (l). By then scaling the local density in each of the 10 nm layers in all lanes, we obtained the Figure 4a shows the results, at l5500 nm, for the two lanes marked in Figure 2f . We have to note here that we derived above that the refractive index of melanin at 500 nm is 1.7460.01, while the profiles of Figure 2f show that the scaling procedure can produce locally higher values. This is clearly due to the inhomogeneity of the melanin layers. In fact, because the values represent the average refractive index of a 10 nm thick and 0.5 mm wide layer, refractive index values .1.8 will be reached locally. Yet, the average values will hold when considering the reflection and transmission of the propagating light flux.
The first step in obtaining the feather's reflectance spectrum was to calculate for each lane the reflectance, transmittance, and absorptance spectra by feeding the lane's refractive index profile into a multilayer model. 14 The two barbule lanes of Figure 4a yielded for normal illumination the spectra shown in Figure 4b . The calculated reflectance spectra always peaked in the infrared and furthermore showed clear oscillations in the far-red wavelength range (Figure 3a) . The peak in the infrared is due to the multilayered interference reflector inside the barbule, but the oscillations arise because the barbules simultaneously act as a thin film with thickness ,3 mm (Supplementary Fig. S3 ). 19 The transmittance spectra (Figure 4b) showed a steep increase with increasing wavelength, clearly due to the melanin, which absorbs progressively less with increasing wavelength (Figure 3b) .
We averaged the reflectance spectra for all 36 lanes, yielding a much smoother spectrum than those of Figure 4b (Figure 5a, 0 6 ). The dependence of the reflectance on the angle of light incidence can be easily obtained by multilayer modeling, and thus, we repeated the calculations for a series of angles of light incidence, changed in steps of 10 6 (Figure 5a ). Because multilayer reflections depend on the polarization, we calculated the spectra for both TE-and TM-polarized light ( Supplementary Fig. S4a and S4c) . By averaging the TE-and TMspectra for each angle of light incidence we obtained the reflectance spectra for unpolarized light (Figure 5a) . As expected for a multilayer, with increasing angle of incidence, the infrared peak shifted to shorter wavelengths ( Supplementary Fig. S5 ).
To verify the validity of the calculations, we measured the angledependent reflectance of the occipital feather tip in both the visible and infrared wavelength range with a setup consisting of two rotatable optical fibers. The illumination spot, with a spot diameter of ,4 mm, approximately covered the entire shiny part of the feather. The illumination fiber angle was varied in 10 6 steps and at each step, the detection fiber was moved until a maximal signal was obtained. This position was always identical to the mirror angle (Figure 5b, inset) . The measurements were done for both TE-and TM-polarized light and these spectra were then again averaged (Figure 5b ). The experimental and calculated spectra were not identical, but the overall behavior was clearly very similar (Figure 5a and 5b). A perfect correspondence cannot be expected, because the calculations were for a cross-section of only part of a single barbule cell, while the experimental reflectance spectra were from an intact feather, which contains numerous barbules, and their cells were certainly not all identical. The spectral calculations were performed for 0.5 mm wide lanes, because even within one and the same barbule cell the multilayering is far from ideal (Figure 2f ). The averaged reflectance spectra resulting from the set of 36 parallel lanes nevertheless showed a close correspondence with the experimental spectra concerning the peak wavelength in the infrared and a similar hypsochromic spectral shift with increasing angle of light incidence, indicating the validity of the heuristic approach. In fact, finite-difference time-domain modeling 6 yielded reflectance spectra matching those of the multilayer modeling (compare Figure 2 of Ref. 6 and Supplementary Fig. S3 ). Moreover, the present reflectance spectra measured on the multi-colored breast feathers of Lawes's Parotia 5 were straightforwardly produced by a finitedifference time-domain model based on the quite different feather anatomy while using the melanin refractive index derived here. 6 
CONCLUSIONS
Many birds have iridescent feathers due to melanin rodlets arranged in layers. The refractive index value of melanin derived here by applying Jamin-Lebedeff interference microscopy decreases in the visible wavelength range (400-600 nm) gradually from ,1.8 to ,1.7, and thus shows normal dispersion. A constant refractive index value 2.0, which is commonly used in bird coloration studies, is clearly much too high. Moreover, the absorption of melanin is usually neglected in modeling studies, that is, the imaginary part of the melanin refractive index is assumed to be constant. Here we have found that the strongly wavelength-dependent melanin absorption distinctly influences the optical properties of bird feathers. The combined modeling and reflectance measurements of the present study confirm the measured melanin refractive index spectrum. The obtained melanin data will be useful for modeling the feather reflectance properties of birds with structural coloration due to melanin multilayers.
